Summary
In this work, we aimed to evaluate the levels of ferritin enriched in H subunits (H-ferritin) and ferritin enriched in L subunits (L-ferritin) and the cells expressing these two molecules in the lymph node (LN) biopsies obtained from adult-onset Still's disease (AOSD) patients, and the possible correlation among these data and the severity of the disease. Ten patients with AOSD underwent LN biopsy. All the samples were stained by immunofluorescence. A statistical analysis was performed to estimate the possible correlation among both H-ferritin and L-ferritin tissue expression and the clinical picture of the disease. Furthermore, the same analysis was performed to evaluate the possible correlation among the number of CD68 Immunofluorescence analysis demonstrated an increased tissue H-ferritin expression in the LNs of AOSD patients. This increased expression correlated with the severity of the disease. An increased number of CD68 macrophages expressing H-ferritin was observed in the LN samples of our patients. Furthermore, we observed that the number of CD68 
Introduction
Adult-onset Still's disease (AOSD) is a rare systemic inflammatory disorder of unknown aetiology, characterized by quotidian high spiking fevers, arthritis and multi-organ involvement, requiring immunosuppressive therapies [1] [2] [3] . A large percentage of AOSD patients showed an evanescent salmon-pink or erythematous maculopapular eruption which appears frequently during febrile attacks, and is found predominantly on the proximal limbs and trunk [3, 4] . Furthermore, both splenomegaly and mild-severe enlargement of cervical lymph nodes (LNs) are observed frequently in AOSD patients and lymphoma should be always considered in the differential diagnosis of this clinical picture [1] [2] [3] [4] . Recently, it has been suggested that AOSD and other uncommon medical conditions such as macrophage activation syndrome (MAS), catastrophic anti-phospholipid syndrome and septic shock, which share similar clinical and laboratory features, may be considered an intermediate phenotype of the same inflammatory process, affecting target cells killed by cytotoxic T cells and natural killer (NK) cells [5] . In this context the cytokine storm observed in these conditions, associated with hyperferritinaemia, may further activate both NK and cytotoxic T cells with consequent release of uncontrolled granzyme system and perforin release, thus amplifying the cytokine storm and the production of proinflammatory cytokines [6, 7] .
Ferritin is an intracellular iron storage protein including 24 subunits: heavy (H) subunits and light (L) subunits on the bases of their molecular weight [8, 9] . The H-/L-subunits ratio may change, depending on the specific tissue and the physiological status of the cell. In normal conditions, ferritin enriched in L subunits (L-ferritin) has been found in the liver and in the spleen; on the contrary, the ferritin enriched in H subunits (H-ferritin), may be observed mainly in the heart and kidneys [8, 9] . Although the secretory pathway of serum ferritin has not been clarified fully, hepatocytes, macrophages and K€ upffer cells may be involved in its secretion [8] [9] [10] [11] .
For many years, ferritin has been considered as a potential immunosuppressant, inducing suppression of delayed-type hypersensitivity [12] , suppression of antibody production by B lymphocytes [13] , decreasing the phagocytosis by granulocytes [14] and regulating granulo-mono-cytopoiesis. More recently, it has been suggested that H-ferritin induces production of the anti-inflammatory cytokine in lymphocytes [15] and may act as a negative regulator of the CXC chemokine receptor 4 (CXCR4), impairing the signalling leading to the activation of mitogen-activated protein kinase (MAPK), a kinase that is known to play an important role in cell proliferation, differentiation and migration [16] .
Intriguingly, in recent years, a proinflammatory role of extracellular ferritin has been suggested for some specific cells, such as hepatic stellate cells [17] . Cells treated with ferritin activate PI3 kinase phosphorylation, protein kinase C zeta activation and MAPK activation, culminating in nuclear factor-kappa B (NF-jB) activation. This activation leads to the production of proinflammatory molecules, inducible nitric oxide synthase and others. Of note, this function is independent of the iron content of ferritin, suggesting that exogenous ferritin may play active roles independently of its main function [17] . In fact, ferritin synthesis may be regulated not only in response to iron availability, but also by different inflammatory cytokines such as interleukin (IL)-1b and IL-6, and by different biological stimuli such as oxidative stress, hypoxia-ischaemia, hyperoxia and lipopolysaccharide (LPS) toxicity [7, [9] [10] [11] . H-ferritin specifically binds a member of the T cell immunoglobulin and mucin-domain (TIM) gene family, TIM-2 [7] , which is considered a defined marker of T helper type 2 (Th2) cells [17] [18] [19] . During the inflammatory response other cells, including macrophages, may express TIM-2 on their surface [18] [19] [20] [21] [22] [23] . In this setting, instead of modulating down-regulation of the immune response, as observed in normal conditions, the H-ferritin/TIM-2 binding upregulates strongly the expression of inflammatory cytokines, playing a pivotal role in the development of an extremely severe condition known as a 'cytokine storm' [7] [8] [9] [10] [11] .
Although a growing body of evidence suggests that macrophages are associated with the immunopathogenic mechanism of this rare condition, at present their exact role is not fully understood [1, 7] . It is well known that, together with other myeloid and lymphoid cells, macrophages in the subcapsular sinus and medulla of secondary LNs contribute to the innate and adaptive responses of the host, shaping the nature and quality of inflammation [24] .
In this paper, we show both an increased tissue expression of H-ferritin and an increased number of CD68 1 / H-ferritin 1 macrophages in the LNs of AOSD patients, and these results correlate with the disease activity and the serum ferritin levels of the same patients, suggesting a pathogenic role of these macrophages in this inflammatory disease.
Patients and methods
In the last 10 years, 10 consecutive patients with AOSD referred to the Rheumatology Clinic of L'Aquila University and to the Rheumatology Clinic of Palermo University were enrolled into this study. All patients fulfilled the criteria proposed by Yamaguchi et al. [25] for AOSD and showed a flare of the disease in the context of a polycyclic or a chronic form of the disease, according with the criteria proposed by Cush et al. [26] . Serum levels of ferritin, erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) were obtained from the patients. Pouchot's score was used to evaluate the disease activity [27] . This score ranges from 0 to 12 and is calculated by assigning and adding 1 point for each of the following manifestations occurring during a disease flare: fever, evanescent rash, pleuritis, pneumonia, pericarditis, hepatomegaly or abnormal liver function tests, splenomegaly, lymphadenopathy, white blood cells > 15 000/mm 3 , sore throat, myalgias and abdominal pain. The demographic data of our patients are reported in Table 1 .
Ten LN samples were collected from patients who had undergone biopsies for differential diagnosis with a lymphoproliferative disease. These samples were matched with LN samples obtained from subjects without any symptoms or history for autoimmune or autoinflammatory diseases who had undergone biopsies to exclude lymphoproliferative or granulomatous diseases.
The San Salvatore University Hospital ethics committee approved this study. It was performed according to Good Clinical Practice guidelines, and written informed consent 
Results

Increased expression of H-ferritin
Immunofluorescence analysis shown in Fig. 1a shows an increased extracellular H-ferritin expression in the LN samples of AOSD patients when compared with healthy controls (HC). Conversely, the results in Fig. 1b concerning L-ferritin do not show increased immunofluorescence expression in AOSD patients when compared to HC. The quantitative analyses of the optical density for both H-and L-ferritin expression showed a significant increase of Hferritin when compared with both L-ferritin in AOSD patients and with HC (P < 0Á001; P < 0Á001, respectively) ( Fig. 1g) .
Correlation of H-ferritin with clinical features
Our analyses showed a positive correlation between the increased levels of extracellular H-ferritin in the LN tissues and disease activity. H-ferritin tissue levels, showing the classical granular deposition in the tissue, correlated strongly with both Pouchot's score and serum ferritin (P < 0Á0001; P < 0Á0001, respectively). Furthermore, there was a positive correlation between these levels of H-ferritin and ESR (P < 0Á05; P < 0Á05, respectively). No correlation was found between CRP and H-ferritin. Figure 2 shows the linear regression performed among these parameters. Of note, correlation analyses concerning L-ferritin tissues and the same parameters did not show significant results.
CD68
1
/H-ferritin 1 cells in LNs from AOSD patients
In the histological analyses of LN samples, performed according to Jeon et al. [28] , two patterns were observed. The atypical paracortical hyperplasia pattern was characterized by paracortical hyperplasia with vascular proliferation and mixed cell infiltration in five patients (Fig. 3a) , and the burnt-out histiocytic pattern was characterized by exuberant paracortical hyperplasia with vascular proliferation and extensive sinus macrophage infiltration in the other five patients (Fig. 3b) . The immunofluorescence analysis showed that CD68 1 /H-ferritin 1 cells, with enlarged cytoplasm, were distributed widely in the LN tissue of AOSD patients (Fig. 4b) , without specific localization in both the subcapsular and medullary sini, which represent the areas colonized normally by resident macrophages in the LNs. With regard to L-ferritin, no co-localization with CD68 molecule was observed in our patients.
Correlation of number of CD68 1 /H-ferritin 1 cells in LN with disease activity
A significantly increased number of CD68
1 /H-ferritin 
Discussion
In this work, we have shown that both the H-ferritin tissue expression and the number of CD68 1 /H-ferritin 1 cells
were increased in the LNs of AOSD patients, and these results correlated significantly with disease severity. To our knowledge, this is the first work that has aimed to investigate the evidence of these cells in secondary lymphoid organs during AOSD. It has been proposed recently that AOSD, MAS, catastrophic anti-phospholipid syndrome and septic shock should be included in 'hyperferritinaemic syndrome', in which the higher levels of ferritin may be considered to be not only a consequence of the inflammation, but are probably involved in a vicious loop leading to the cytokine storm [5] . The release during erythrophagocytosis, the impaired tissue clearance by macrophages and the secretion of ferritin by these cells have been considered as possible causes of hyperferritinaemia in these patients [29, 30] .
As mentioned previously, we reported an increased number of CD68
1 /H-ferritin 1 . In this context, it is well known that macrophages are distributed widely throughout the body, performing vital homeostatic and defence functions after local and systemic perturbation within tissues. Macrophages are central players in innate and adaptive defence reactions, directly neutralizing pathogens by phagocytosis and orchestrating the responses of other immune cells [31] . In response to local adaptation, tissue macrophages display different functional specializations which is reflected in their phenotype, as well as gene expression profiles [31] . Basically, subcapsular sinus macrophages (SSMs) and medullary sinus macrophages (MSMs) in the LNs have been recognized [24, 31] . The role of SSMs and MSMs in immune response has been studied extensively [32, 33] . SSMs may capture lymph-borne substances, including virus particles, through different mechanisms, including lectins, scavenger receptors and CR3, but are poorly endocytic. Antigens and immunocomplexes bind to SSM heads, are translocated without internalization to their tails, and are finally presented to follicular B cells, migrating randomly through the dense net of tails. Cognate B cells are activated directly from SSMs via the B cell receptor [24, 31] . In contrast, MSMs recognize and transfer antigens into conspicuous phagolysosomes. Furthermore, MSMs play an important role in determining survival and clearance of short-lived early immune cells [24, [31] [32] [33] .
In our study, we observed that the CD68
1 /H-ferritin 1 cells were distributed widely in the tissue, without specific colonization of the subcapsular and/or medullary sini, which are the specific resident macrophage areas in the LNs [24] . The majority of these resident macrophages are established prenatally, and these cellular compartments self-maintain locally independently from each other within their tissue of residence and are self-sufficient and independent of further haematopoietic input [31] [32] [33] . In contrast, our data suggest that the CD68
1 /H-ferritin 1 cells are part of the additional CD68
1 macrophage pool of LN macrophages, including interfollicular cells, which migrate into the LNs after immune activation, under the influence of inflammatory stimuli, and interact with various innate and adaptive cells [24, [31] [32] [33] . Although our study does not address the origin of H-ferritin in LN tissue, our results might allow us to speculate that during AOSD, migratory macrophages colonizing the LNs may produce and secrete ferritin, thus leading to the release of inflammatory mediators [7] . In fact, it has been shown that macrophages may produce ferritin in an animal model, and after inflammatory stimuli macrophages may release H-ferritin [34] [35] [36] [37] . Furthermore, it must be pointed out that IL-1, IL-6, interferon (IFN)-g and tumour necrosis factor (TNF)-a, largely over-expressed in AOSD patients [1, 5, 38] , may induce the expression of H-ferritin [34, 35] via Fer2 activation, which is able to stimulate the synthesis of H-ferritin and further production of many proinflammatory cytokines, thus perpetuating the inflammatory state [11, 36, 37, 39, 40] . The experimental evidence reported in previous studies strongly supports our data of increased production of H-ferritin during AOSD, which is characterized by elevated levels of proinflammatory cytokines [1, 5, [34] [35] [36] [37] [38] [39] [40] .
Recently, ferritin distribution was shown in the B area of germinal centres in LN samples from one patient with AOSD [41] , and the authors suggested that ferritin may act as an antigen in AOSD enhancing the inflammatory response via the activation of B cells and ferritin autoantibody production [41] , although their presence in AOSD has still not been confirmed as observed in other diseases [42, 43] .
In our work, both the increased H-ferritin levels in LNs and the number of CD68 [50] . It has been suggested recently that AOSD may be categorized as a multi-genic inflammatory disorder at the crossroads of autoinflammatory and autoimmune diseases [51] . In fact, it has been suggested that IL-18 and IL-1b, which are processed through the inflammasome machinery, may play an important role in AOSD pathogenesis, modulating both IL-6 and Th1 cytokine secretion as well as NK cell dysregulation and macrophage activation [51] . According to our results we might speculate that the activated CD68
1 /H-ferritin 1 cells, via the production and secretion of large amount of H-ferritin, which display a proinflammatory function, may amplify the up-regulation and production of inflammatory mediators.
In conclusion, our observational study shows an increased level of extracellular H-ferritin in the lymphatic tissue of AOSD patients, associated with a CD68 1 / H-ferritin 1 macrophage colonization of the same tissue.
Although our study does not address the origin of H-ferritin in these affected tissues, the strong correlation of these data with the severity of disease suggests a pathogenic role of H-ferritin and H-ferritin-expressing macrophages during this disease. Further studies are ongoing in our laboratory in order to elucidate more thoroughly the role of these cells and H-ferritin in AOSD.
Disclosure
The authors have no disclosures.
Author contributions
P. R.: study conception and design, data interpretation, literature search, figure creation, writing, paper revision and acceptance; F. C. I.: study conception and design, data interpretation, literature search, writing, paper revision and acceptance; P. C.: data collection, data interpretation, literature search, paper revision and acceptance; G. G.: data collection, data interpretation, literature search, paper revision and acceptance; P. D. B.: data collection, literature search, paper revision and acceptance; A. R.: data collection, data interpretation, literature search, paper revision and acceptance; V. L.: data collection, literature search, paper revision and acceptance; O. B.: data collection, literature search, paper revision and acceptance; F. C. A.: data collection, data interpretation, literature search, paper revision and acceptance; G. T.: data collection, data interpretation, literature search, paper revision and acceptance; and R. G.: study design, data interpretation, writing, paper revision and acceptance. All authors gave final approval for submitting the manuscript for review and agree to be accountable for all aspects of the work.
